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The effect of Ni and Cu on the a/b phase transformation temperature, possible retention of the b-phase,
and mechanical properties of Ti, Tie13Cu, Tie4.5Ni and Tie13Cue4.5Ni (compositions in wt. %) alloys
were investigated. The alloys were developed using the conventional uniaxial cold press and sintering
technique. The thermal properties of the sintered alloys were traced by the differential scanning calo-
rimetry (DSC) analysis. The x-ray diffraction (XRD) and electron backscatter diffraction (EBSD) analysis
determined phase composition, crystal structures and grain orientations. It has emerged that the Ti
e13Cu and Tie13Cue4.5Ni retained the b-Ti phase. The mechanical properties were evaluated under
tension with Tie13Cu and Tie4.5Ni possessing high ultimate tensile strength (UTS) and percentage
elongation (%El) than the Tie13Cu-4.5Ni alloy. Although all the alloys have revealed the presence of
porosity, its effect on mechanical properties was more on the Tie13Cue4.5Ni alloy. While the mechanical
properties of Tie13Cu-4.5Ni alloy were inferior due to extensive porosity, those of Ti, Tie13Cu and Ti
e4.5Ni allow them to be classified as Type 3 and Type 4 dental alloys, respectively, proving that the
conventional powder metallurgy process has potential to be used as a processing technique for TieCu-
based dental alloys.
© 2020 Elsevier B.V. All rights reserved.1. Introduction
Titanium-based alloys specifically those containing nickel (Ni)
and copper (Cu) alloying are attractive for the dental industry. For
example, high Ni content TieNi alloys have been commonly used
for a wide variety of industrial fields because of their shape
memory effect (SME) [1]. Dental applications benefit from the
shape memory effect, biocompatibility, low modulus of elasticity
(MOE), corrosion and fatigue resistance, and high damping capacity
[2]. In particular, the TieNi shape memory alloy (SMA) has been
used as orthodontic wire since the early 1980s [3]. The addition of
copper (Cu) to the TieNi shape memory alloys (SMA)modifies their
shape memory behaviour, making CueTieNi SMA orthodonticio), nmathabathe@csir.co.za
ng).wires easier to apply in dentistry than the TieNi SMA wires [3,4].
The Cu also improves the corrosion resistance of the NieTi SMA and
other biomedical properties such as antibacterial function [5].
Cast binary TieCu alloys have been extensively investigated for
application as dental alloys. The anti-bacterial property is attrib-
uted to the release of Cuþ2 ions from the Ti2Cu intermetallic com-
pounds which form in the alloys. The anti-bacterial properties have
been demonstrated by, for example, Liu et al. [5] who showed that a
vacuum melted Ti-5wt% Cu alloy eliminates and inhibits adhesion
and biofilm formation of the bacteria Streptococcus mutans and
Porphyromonas gingivalis that can occur in the humanmouth. It has
been suggested that high Cu-contents are especially promising
because they improve the anti-bacterial properties [6], but that is
up to a point, because while contents as high as 25wt% Cu can
possess as good biocompatibility as that of pure cp-Ti [7], much
higher contents (50e60wt% Cu) are not biocompatible [8]. The
TieCu alloys are amenable to thermomechanical processing, e.g.
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strength and enhances the corrosion resistance significantly
without affecting the antibacterial properties due to fine Ti2Cu [9].
These properties make the TieCu alloys not only suitable for dental
applications but also other biomedical applications.
Elemental Ni is a ferromagnetic metal that transforms into the
paramagnetic state upon thermal treatment. This magnetic phase
transition is known as the second-order phase transition also
affected by mechanical deformation [10,11]. Ni release to human
body cells is regarded as toxic. However, the wear or corrosion of Ni
ions is restrained by alloying with Ti (TiNi). Moreover, the forma-
tion of a protective passive film on the surface of the Ti~50 at. %Ni
consisting of TiOx oxides with a small amount of NiO inhibits the Ni
ions released to the human body [12]. This alloy is preferable for
biomedical application due to low elastic modulus of 48 GPa close
to that of a human bone (~30 GPa) and offers enhanced biocom-
patibility and superplasticity [13]. Apart from conferring shape
memory properties to Ti for use in orthodontic wires, it (Ni) is also
extensively used as high nickel content, cast nickel-chromium
(NieCr) alloys for commercial clinical prosthodontic restorations
[14,15]. While the release of Ni ions from dental alloys is a matter of
concern, because Ni ions cause allergenic responses, risk severe
local tissue irritation, necrosis, and toxic reactions [16], and can,
depending on concentration, be toxic and non-compatible [17], its
continued use is generally still safe because it has been shown that
Ni release from the alloys is orders of magnitude less than the
allowable daily dietary intake [8,18,19], and the released ions
decrease only the proliferation of human gingival fibroblast cells,
not their viabilities [14]. Some studies on commercial partial den-
tures based on Ni (Ticonium) have found them to be biocompatible
when tested against fibroblasts (Balb/c 3T3 cells) [8].
The Tie13Cu-4.5Ni alloy has been investigated for use as cast
crowns and partial denture frameworks [20], and, novel TieNieCu
shape memory alloys, possessing good anti-bacterial properties
have been developed in recent years [21].
The presence of both Cu and Ni improves the ease of casting of
the alloy by enabling melting at lower temperatures [22] and
inducing more liquid phase at the processing temperature. The
alloy is more corrosion resistant than the other dental alloys like
the NieCr-based alloys [23]. Ni, like Cu, is expected to cause solid
solution strengthening of Ti, improving its mechanical properties
since un-alloyed Ti is generally not strong enough for some appli-
cations. Ni is also expected to further improve the antibacterial
properties of the alloys, given their level of toxicity to cells is about
the same [24].
The current manufacturing technique for dental alloys is casting
[8,25]. However, the properties of cast Ti-based alloys can be
immensely affected by the investment material used on the
moulds: the molten melt tends to react with the investment ma-
terial leading to compromised mechanical properties [26]. Besides,
cast Ti-xCu alloys show an increase in elastic modulus with Cu
content due to the formation of Ti2Cu intermetallic phase [27].
Their phase composition consists of the Ti2Cu intermetallic phase
in lamellae eutectoid structure and as a single grain in the grain
boundaries of the cast alloys containing 10% or more Cu, and re-
mains unchanged with no visible b-phase even with increasing Cu
content up to 20wt% [28]. These shortcomings of casting can be
avoided by changing the manufacturing process to powder metal-
lurgy (PM), followed by further processing to final shape. There are
many PM techniques, including the conventional press and sinter
(CP&S), hot press (HP) and cold/hot isostatic pressing (C/HIP).
The research group of Erlin Zhang et al. [29] has done somework
on hot pressing of TieCu alloys, where powder blends are pro-
cessed at high temperature and under pressure. Their work has
indicated that hot-pressed TieCu powder metallurgy alloys stillpossess their anti-bacterial properties found in the cast alloys,
however, the antibacterial property required a Cu content of at least
5wt% [30]. However, hot pressing, while it provides components
with improved properties, requires a huge capital outlay on
equipment, is generally energy in-efficient and results in high
manufacturing costs [31]. A much more energy-efficient and low-
cost manufacturing process is the conventional press and sinter
(CP&S) powder metallurgy technique where compacted powder
blends are processed at high temperature only, i.e. without pres-
sure. To the best knowledge of the authors, much less research has
been done on processing these potential dental alloys using the
CP&S powder metallurgy technique. Luangvaranunt and Pripana-
pong's [32] work only investigated the wear behaviour of Tie(2
&10)Cu wt% alloys processed by CP&S and showed that a high Cu
content was good for wear resistance. Alshammari et al. [19] have
recently reported only on the mechanical properties of forged
CSP&S TieCu alloys with up to, 5wt% Cu. There is no known work
yet on the CP&S of high Cu content TieCu or TieCueNi alloys. Such
work has the potential of indicating the possibility of producing
low-cost dental implants while at the same time, providing insight
into the microstructures and phases of the alloys. For example,
investigations have shown that titanium alloys containing the b-
phase are good for orthopaedic prosthesis implants due to their low
elastic modulus compared to CP Ti [13], yet it is not clear whether
the b-phase occurs in these potential dental alloys when processed
by CP&S. Moreover, alloys containing porous structures, like those
prepared by CP&S, are also favourable for good biocompatibility
and cell growth associated with further reduced elastic modulus
[33], yet it is not clear whether these porous alloys can possess
similar mechanical properties to those of the established dental
alloys. Generally, the mechanical properties are of interest because
they determine formability and wear resistance [34] and applica-
tion as dental clasps, dental bridges or partial dentures [35].
The current study investigated conventionally pressed and
sintered Tie13Cu, Ti-4.5Ni, and Tie13Cu-4.5Ni (all compositions in
wt. %). The latter composition was chosen for ease of processing
since it is expected that the presence of both Cu and Ni will enable
melting at lower temperatures and induce more liquid phase at the
processing temperature. The phase formations, phase trans-
formations and mechanical properties were determined. For com-




Powder blends of commercially pure Ti, Copper, and Nickel were
made by weighing required compositions accurately using a scale
with an accuracy of 0.1mg. The mixtures were then blended in a
Turbular® mixture for 30min to produce homogeneous blends.
The Ni powder is similar to the one used in a previous related study
[36]. Fig. 1 shows the morphologies of the elemental powders, and
Table 1 summarizes their relevant details. The powder particle size
distributions quoted in Table 1 are those provided by the respective
suppliers, and while, for example, Ti powder is quoted as having
powder particles less than 88 mm, statistically, some particles are
expected to be larger than 88 mm.
2.2. Blended powder consolidation
The blended powders of Tie13Cu, Ti-4.5Ni and Tie13Cu-4.5Ni
(all masses in wt%), were consolidated at 600MPa using a con-
ventional uni-axial press to produce green compacts, a similar
technique is reported elsewhere [37]. Three sets of green compacts
Fig. 1. Morphology of the metallic powders: (a) Ti, (b) Cu, and (c) Ni.
Table 1
Raw materials as specified per supplier.
Powders Purity (%) Morphology Particle size distribution (mm) Supplier
Ti 99.9 Irregular 88 PAC, USA
Cu 99.97 Irregular þ Spherical agglomeration 75 Sigma Aldrich©
Ni 99.95 Fibrous-dendritic 45 Sigma Aldrich©
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15mm and thickness 4mm was for determining density, micro-
structures, phase composition and hardness, while the other set
consisted of specimens 10 10 50mm, for determining the me-
chanical properties.
All the green compacts were sintered in a tube furnace under
flowing argon. Specimens were heated up at a rate of 10/min up to
the sintering temperature of 1200 C, soaked for 3 h, followed by
furnace cooling. In order to avoid specimen oxidation, titanium
sponge particles were loaded alongside the specimens to act as
oxygen getters, i.e., to remove any oxygen in the argon gas before
reaching the specimens.2.3. Characterisation of sintered compacts
The sintered specimens were characterized for thermal behav-
iour, density, microstructures, hardness number and mechanical
properties. The thermal behaviour was investigated using differ-
ential scanning calorimetry (DSC)/thermogravimetric analysis
(TGA) tests, in a Netzsch STA 409 thermal analyser, capable of
simultaneously capturing calorimetric and thermogravimetric sig-
nals. Samples were heated to 1300 C at 10 C/min under argon. The
densities were determined as an average of three from different
samples. Each density was determined using Archimedes principleaccording to ASTM B 962e08, the Standard Test Methods for
Density of Compacted or Sintered Powder Metallurgy (PM) Prod-
ucts Using Archimedes’ Principle. Masses were measured using a
scale of accuracy 0.1mg.
The microstructures were acquired using a Leica optical mi-
croscope and a JEOL 6550 scanning electron microscope after
metallographic sample preparation. Orientation information was
investigated using electron backscatter diffraction (EBSD), and its
data acquisition and analysis was performed by HKL Chanel 5
software. The EBSD sample preparation was performed according
to the work done by Mathabathe et al. [38]. The orientations were
measured in both the axial and radial directions of the specimens.
The samples were ground and polished according to ASTM stan-
dard E3-11, employing diamond suspension (1 mm), subsequent to
50 nm colloidal silica [37], before hardness testing. Six samples per
test for each alloy were prepared to validate the repeatability.
Hardness numbers were determined using a Vickers hardness
testing machine. The load used was 5 kgf, and the test involved a
dwell time of 10 s. Five indents were made and the hardness
expressed as an average. Rectangular tensile test specimens, 2mm
thick, 5mm wide and 50mm long were cut from the
10 10 50mm sintered samples using electro-discharge
machining (EDM), to have a gauge length of 25mm long and a
width of 2.5mm in the reduced section (Fig. 2). An Instron 1342
Fig. 2. The dimensions of the tensile test specimens.
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crosshead speed of 0.5mm/min. Mechanical extensometer was also
used to track deformation behaviour. The yield point, determined
using the offset method, ultimate tensile strength, and the elon-
gation to failure were reported as averages of three samples. All the
test specimens failed within the gauge length, away from the fillet
radii, and were deemed acceptable.3. Results and discussion
3.1. Thermal behaviour
Fig. 3 shows the thermal behaviour of the conventionally
pressed and sintered Ti, Tie13Cu, Ti-4.5Ni, and Tie13Cu-4.5Ni al-
loys as determined using DSC-TGA analysis. The thermal behaviour
of Alloy 1, the cp-Ti samples, had an endothermic peak centred at
914 C, which was attributed to the a (hcp) / b (bcc) Ti allotropic
transformation. Alloying with Cu and Ni changed this behaviour,Fig. 3. The thermograms of the specimens DSC analysis of the sintered Ti (Alloydue to the formation of intermetallic phases, as the following sec-
tions show.
3.1.1. The TieCu thermogram
The introduction of Cu alone, in Alloy 2, Tie13Cu, led to two
profound endothermic peaks in the TieCu thermogram (Fig. 3), one
centred at 824.9 C, with an end temperature of 851 C representing
the completion of the eutectoid reaction where a-Ti reacts with
some Ti2Cu to form b-Ti, i.e. a-Ti þ Ti2Cu/b-Ti. The second endo-
thermic peak is centred at 932 C, with an end temperature at
950.9 C and is attributed to the simultaneous melting of
Ti2Cu þ TiCu, which occurs at 960 C on the TieCu phase diagram
[19]. The exothermic peak at 1006.8 C is likely due to the eutectic
reaction Ti2Cuþ b-Ti/ L, and the subsequent dissolution of b-Ti in
the resulting melt. The reaction is exothermic because the disso-
lution of b-Ti in copper-containing melts is an exothermic process
[39]. This thermal behaviour indicated that the possible phases in
the sintered Tie13Cu alloy were a-Ti, TiCu, and Ti2Cu.
3.1.2. TieNi thermogram
The thermogram of Ti-4.5Ni binary alloy reveals an endothermic
a/b Ti phase transformation peak at 773 C. It is evident that
4.5 wt % Ni content affects the a/b phase transformation tem-
perature of Ti. After the transformation, the occurrence of the
eutectoid reaction aTi þ Ti2Ni / bTi, which is indicated to occur at
767 C on the TieNi phase diagram [40e43]. No further phase
changes were observed because any Ti2Ni was wholly consumed by
the eutectoid reaction. The Ni content used in the alloy was lower
than the eutectoid Ni composition (~8.4 wt %) [42,43] and further
temperature increases remained in the b-Ti phase field.
3.1.3. TieCueNi thermogram
The Tie13Cu-4.5Ni thermograph had three endothermic and
one exothermic complex peaks. The first endothermic peak is
centred at around 762 C, and combines a peak at 734 C, which1), Tie13Cu (Alloy 2), Ti-4.5Ni (Alloy 3) and Tie13Cu-4.5Ni (Alloy 4) alloys.
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Tiþ Ti2Niþ Ti2Cu/ b-Ti [42], while the peaks at 768 C and 812 C
are due to the binary eutectoid reactions a-Tiþ Ti2Ni/ b-Ti and a-
Ti þ Ti2Cu/ b-Ti, respectively, indicating that the complex peak is
due to the formation of b-Ti phase. The second endothermic peak is
centred at 929 C and combines a peak at 913 C, which could be
attributed with the reaction Ti2Ni þ Ti2Cu / b-Ti þ L [43], and a
peak at 925 C, associated with the eutectic reaction b-Tiþ Ti2Ni/
L in the TieNi system [20]. The last endothermic peak is centred at
969 C could be associated with the formation of a liquid phase due
to the peritectic reaction Ti2Ni þ Ti2Cu / b-Ti þ L [44]. The
exothermic peak is centred at 1008 C, and could be associated with
the eutectic reaction b-Ti þ Ti2Cu / L, as occurs in the TieCu
system [19]. As already indicated for the Tie13Cu alloy, the reac-
tion is exothermic because the dissolution of b-Ti in copper-
containing melts is an exothermic process [39].
3.2. Microstructure characterisation
3.2.1. Optical microstructures
The optical microstructures (Fig. 4) showed that all the alloys
investigated were porous. Only the polished micrograph for Alloy 1
(CPeTi) is shown (Fig. 4 a) because the microstructure consisted
only of the usual a-Ti grains. The microstructure of Alloy 3 (Ti-
4.5Ni) had bright elongated pro-eutectoid a-Ti laths/plates, and
dark domains, which were un-resolvable in the optical microscope
(Fig. 4 c). Similar microstructures have been reported in the liter-
ature, for low Ni content TieNi alloys processed by spark plasma
powder metallurgy technique [45]. On the other hand, the micro-
structures of the Cu-containing alloys {Alloy 2 (Tie13Cu) (Fig. 4 b)}
and {Alloy 4 (Tie13Cu-4.5Ni) (Fig. 4 d)} are composed of pro-
eutectoid dark-coloured precipitates having either blocky/glob-
ular, elongated plate-like or sometimes, dendritic, morphologies,
and regions consisting of a mixture of a bright phase and elongated
dark-coloured precipitates. The microstructures also contained
“pearlitic” regions due to the eutectoid reactions. The mixed phasesFig. 4. Optical microstructures of alloys: (a) pure Ti, (b) Tie13Cu with dendritic precipitates,
plus dark eutectoid, (d) Tie13Cu-4.5Ni with lamellar pearlitic domains plus dendritic preciin Tie13Cu are mostly lamellar nodules but in some areas, the
spherules were observed, where the elongated dark-coloured
precipitates grew radially from the centres. Unlike Tie13Cu, no
spherules were observed in Tie13Cu-4.5Ni alloy.3.2.2. SEM microstructures
Fig. 5 shows characteristic SEM secondary electron (SE) micro-
graphs of the alloys 2, 3 and 4. Fig. 5 (a) and (b) clearly shows the
different morphologies of the precipitates (dendritic and blocky/
globular) and the lamellar and “spherulitic” “pearlitic domains in
Alloy 2 (Tie13Cu). These “spherulitic” domains observed here were
similar to the blocky nodules observed in a cast Ti-12at.% Cu alloy
that had been solution treated and soaked in the b-Ti phase-field
where they formed by cellular decomposition mode [46]. EDS
analysis of the precipitates in Alloy 2 confirmed Cu content of
27e30 at. %, justifying the presence of Ti2Cu precipitates.
The SEM micrographs of Alloy 3 (Ti-4.5Ni) Fig. 5 (c) and (d)
indicated the existence of a-Ti laths, which EDS showed contained
little to no Ni in solution. The dark unresolvable domains observed
in the optical micrographs of the alloy (Fig. 4 c), were resolved to be
eutectoid domains, consisting of Ti2Ni precipitates in a-Ti.
Furthermore, the microstructural features in Alloy 4 (Tie13Cu-
4.5Ni) Fig. 5 (e) and (f) were similar to those in Alloy 2 (Tie13Cu) in
terms of lamellar “pearlitic” regions. However, unlike Alloy 2, the
precipitates in Alloy 4 had two grey level contrasts: grey contrasted
precipitates, similar to those observed in Alloy 2, and the other light
grey brighter precipitates were also observed. EDS analysis quan-
tified the dark-grey precipitates contained about 5 at. %Ni and 27 at.
% Cu, indicating they were of the type Ti2(CuNi)-phase. The Ti2Cu-
phase dissolves up to 13 at.% Ni [47]. The bright white precipitates,
which mostly appeared in the “pearlitic” domains contained 11-
13 at.%Ni and 8-10 at.% Cu, which were attributable to Ti4(CuNi),
probably a metastable phase in the TieNieCu phase system
induced by cold pressing and sintering.lamellar and “spherulitic” “pearlitic domains, (c) Ti-4.5Ni with pro-eutectoid a-Ti plates
pitates.
Fig. 5. SEM - SE micrographs of (a & b) Alloy 2 Tie13Cu, (c & d) Alloy 3 Ti-4.5Ni, and (e & f) Tie13Cu-4.5Ni.
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Fig. 6 shows the XRD patterns of the Ti, Tie13Cu, Ti-4.5Ni, and
Tie13Cu-4.5Ni sintered alloys. The sample containing pure-Ti
composed of only an a-Ti phase, in agreement with the micro-
structures. Alloy 2 (Tie13Cu) exhibited a-Ti (dominant), Ti2Cu, andFig. 6. XRD pattern of pure-Ti, Tie13Cu, Ti4.5Ni, and Tie13Cu4.5Ni sintered alloys.some retained b-Ti phases. It has been previously revealed that Cu
induces the b-Ti phase and appears to stabilize b-Ti from as low as
5wt% Cu [48]. For Alloy 3 (Ti-4.5 Ni), the predominant phase, a-Ti,
was observed to coexist with the Ti2Ni and TiNi2.intermetallic
phases The XRD pattern of Tie13Cu-4.5Ni alloy had peaks for a-Ti,
which was the prevalent phase, and peaks for Ti2Cu, and Ti2Ni
phases. The small b-Ti peak was also observed but it was not very
well resolved, as in the case of Alloy 2 (Tie13Cu), as shown by the
corresponding inset in Fig. 6. The observation of retained b-Ti in
Alloys 2 and 4 was contrary to some literature, especially on cast
TieCu alloys, whereby no retained b-Ti is observed [49]. Retained b-
Ti has however been found in PM Ti-5wt%.Cu [48]. The b-phase was
retained after sintering and forging processes, with the latter pro-
cess showing superior mechanical properties [48]. Our results
confirm the b-Ti phase in Tie13Cu and Tie13Cu-4.5Ni sintered
samples. It is possible that cold pressing prior to sintering induced
surface deformation that influenced the b-phase formation during
sintering [50], hence, this phase is not formed in cast TieCu alloy
[28]. At 20wt % Cu alloying, only the Ti2Cu precipitated from the a-
Ti grains [28] while ~5wt% Cu induces the b-phase on alloys pro-
duced under powder processing [48]. The cold pressing provides
deformations on particles surfaces while sintering provides inter-
mediate thermal treatment not sufficient to induce alloy melting.
The detected b-Ti phase supports our DSC results showing that both
Cu and Ni lowered the a/b phase transformation temperatures
possible to be retained upon cooling. This behaviour has been
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ical deformation [51]. Moreover, it is possible that the high Cu
content of 13wt% acted like the other b-stabilizing elements such
niobium (Nb) and trapped the b-phase in Ti alloys [52]. Another
possible reason for these differences between cast and PM TieCu
alloys could be the differences in the cooling rates the alloys
experience from the beta-phase field. Generally, the b/a trans-
formation in titanium is slow [53], and faster cooling rates can lead
to a retention of the b phase. The thermal analysis gives a hint on
the heat treatment and quenching temperatures of the Tie13Cu,
and Tie13Cu-4.5Ni sintered alloys to induce the metastable b-
phase at room temperature. Such a scenario would be of great in-
terest for the biomedical field as the elastic modulus of the alloy is
reduced to be closer to the elastic modulus of the human bone.
Such lower elastic modulus would reduce the stress shielding effect
that dental implants manufactured with cp Ti grade 4 and
Tie6Ale4V face.
3.4. Grain orientation behaviour
Fig. 7 shows the orientation EBSD maps of the alloys. The band
contrast maps of the alloys are shown in Fig. 7aed, while their
phase colour maps are shown in Fig. 7eeh. The pure Ti alloy, Fig. 7a,
e, exhibited coarse grains compared to the other alloys, and a ho-
mogeneous a-Ti phase. Alloy 2 (Tie13Cu) possessed a small amount
of untransformed b-Ti grains, alongside a-Ti and Ti2Cu (Fig. 7f) in
agreement with the XRD results. The orientation imaging micro-
scopy (OIM) maps of Alloy 3 (Ti-4.5Ni) (Fig. 7c, g) revealed some
dark unidentified regions due to surface relief (plateau). These
surface plateaus obstructed the detection of diffraction patterns,
and as a result, retarded the identification of phases in these areas.
However, regions that exhibited Ni-rich grains were distinguished
as Ti2Ni by the EBSD Kikuchi pattern indexation using point anal-
ysis, shown in Fig. 8. The microstructure of Alloy 4 (Tie13Cu-4.5Ni),
shown in Fig. 7d, h, had a-Ti, and the intermetallics Ti2Cu and Ti2Ni.
Both the pro-eutectoid Ti2Cu laths and the eutectoid nodules of the
Tie13Cu-4.5Ni alloy have relatively increased thickness, compared
to the Tie13Cu alloy. Unlike the XRD data (Fig. 6), untransformed b-
Ti was not identified.
Fig. 9 (a)-(d) are the coloured inverse pole figure (IPF) maps of
the pure Ti, Tie13Cu, Ti-4.5Ni, and Tie13Cu alloys respectively,
with their corresponding pole figure maps for the basal (0001),
prismatic (10-10) and pyramidal (11e20) planes. Some of the IPF
maps show randomly recrystallized grains with a random orien-
tation (randomly mixed) designating no attainable texture, in line
with other sintering studies [54]. Only the {0001} poles had max-
ima, which were fixated around the radial directions, an indication
that the data could be attributed to a single a-phase orientation.
The texture indices on the {0001} poles had a maximum intensity
of ~40, 25, 100, and 25 times random, for the a-Ti based alloys,
respectively, while the {11e20}//axial direction (AD) a-fiber texture
had a maximum intensity of ~20, 15, 40 and 15 times random, for
the pure a-Ti, Tie13Cu, Tie45Ni, and Tie13Cu-4.5Ni alloys,
respectively.
Fig. 10 shows the point-to-point misorientation profiles with
their correlated cumulative profile relative to the orientation of the
original point A, depicted from the IPF maps in Fig. 9 along lines A-
B. The cumulative misorientation profiles represent both smooth
continuous and discontinuous changes in orientation developed in
the sintered alloys. Near point A in Fig.10a, where the orientation of
the grains is smooth and continuous in the cumulative profile, the
point-to-point misorientation was less than 0.8⁰, but the orienta-
tion changes and becomes discontinuous in the cumulative profile
alongwith line A-B points (1e3). Generally, points with large point-
to-point misorientation exhort to large a/a interface boundaries[55]. Similar trends are observed in Fig. 10bed, whereby discon-
tinuous orientations demonstrated larger misorientations along
line A-B, and on the point-to-point profile, these misorientations
were ~0.75⁰, 1⁰, 1.5⁰, for the Tie13Cu, Ti-4.5Ni, Tie13Cu-4.5Ni alloys,
respectively. However, the local misorientation in all the alloys,
were less 15⁰, the threshold for high angle grain boundaries, when
crossing consecutive boundaries. This could be an indication that
the grains in the current study were merged in the orientation
imaging microscopy (OIM). Therefore, the low angle boundary
observed in the a-Ti based alloys is a substantial consequence of
microstructural evolution during sintering, and not necessarily a
product of texture, which is in agreement with Fig. 9.
In summary, the thermal analysis suggests that with appropriate
heat treatment and quenching process above the a/b transition
temperatures, the alloy mechanical properties can be improved.
The b-phase was confirmed by the EBSD analysis, which supported
the XRD analysis by just cold pressing and sintering. This retention
of the b-Ti phase in TieCu alloy makes it to be a potential future
biomaterial with lower elastic modulus in comparison to pure Ti
subject to the further processing of the alloys.
3.5. Density and mechanical properties
Fig. 11 shows the variation of the sintered densities of the alloys
in this study. The densities of pure Ti, Tie13Cu, and Ti-4.5Ni alloys
increased on sintering, from (85.8%e90.2%), (87.6%e91.7%), (86.1%e
93.2%), respectively. On the other hand, the density of Tie13Cu-
4.5Ni alloy did not change on sintering, indicative of remnant
porosity. The introduction of Cu and Ni improved the sintered
density compared to the un-alloyed Ti. The increase of the relative
sintered density due to Cu has been observed for low content ad-
ditions of 2wt% Cu [32] and 5wt% [56]. In literature, higher Cu
additions up to 10wt% decreased the relative sintered density,
compared to low Cu additions due to the formation of a transient
liquid at the sintering temperature, which dissolved in the Ti
leaving behind pores [32]. In the current study, the Ti-13wt %Cu
sample was sintered at 1200 C, where there was a persistent liquid
phase, which in this case improved densification and the final
sintered density. The relative density of the Ti-4.5 wt%Ni alloy was
the highest in the current study because Ni has a high diffusivity in
Ti, which improves the densification kinetics leading to higher
sintered densities [56,57]. The combination of Cu and Ni led to a
lower sintered density of the Tie13Cu-4.5Ni compared to Ti and
Tie13Cu, because of increased porosity, probably caused by the
multiple eutectic reactions in the TieCueNi alloy evidenced in the
DSC analysis.
Table 2 presents the mechanical properties of the alloys inves-
tigated. The experimental values with their corresponding cor-
rected error analysis are reported according to John R. Taylor [58].
Typical stress-strain curves of the alloys are shown in Fig.12. Pure Ti
(Alloy 1) had a yield strength (YS) of 350MPa, ultimate tensile
strength (UTS) of 415MPa, and a remarkably high percentage
elongation (%El) to failure of about 10%. The Tie13Cu has a higher
YS in comparison to the Ti-4.5Ni alloy. On the other hand, the
simultaneous presence of Cu and Ni in Tie13Cu-4.5Ni, reduced the
YS, compared to Alloy 1 (pure Ti). In general, the alloying elements
increased the UTS, while exhibiting lower (%El) to failure, than
pure-Ti. The Vickers hardness numbers also increased with alloy-
ing: Alloy 1 (pure-Ti) possessed the least hardness of 116 HV, while
the hardness values of Alloys 2, 3 and 4 were higher by 41%, 36%,
and 47%, respectively.
The increase of YS, UTS and hardness due to the Cu alloying was
reported on cast TieCu alloys [59], as well as powder metallurgical
processing of TieCu alloys that varied the Cu content to amaximum
of Ti-5wt% Cu [48]. As in Alshammari, Yang, & Bolzoni (2019) [28],
Fig. 7. EBSD data showing: (a)e(d) band contrast maps, and (e)e(h) phase colour orientation maps of the a-Ti, Tie13Cu, Ti-4.5Ni, and Tie13Cu-4.5Ni alloys, respectively. (For
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
C. Machio et al. / Journal of Alloys and Compounds 848 (2020) 1564948the Cu in the current study helped reduce the residual porosity, as
seen from the sintered relative densities (Fig. 11) and stabilized
some body-centred cubic (bcc) b-Ti phase as shown by XRD analysis
(Fig. 6), which has higher strength/hardness with its corresponding
low ductility than the hexagonal close-packed (hcp) a-Ti phase.
Additionally, the presence of Ti2Cu intermetallics impede disloca-
tion movement during plastic deformation [60], and therefore
strengthen the alloy. For the same reasons, however, the ductility of
the alloy reduced drastically to about 40% that of the cp-Ti.However, the ductility was higher than that reported for a cast Ti-
10wt% Cu, and equivalent to that obtained for a cast Ti-5wt% Cu
[59] indicating the potential of the powder metallurgical tech-
niques tomanufacture useable TieCu alloys. The higher YS, UTS and
hardness are due to the Ni alloying resulting in the formation of
Ti2Ni intermetallic precipitates and reduced sample porosity. A
direct comparison of the mechanical properties of CP-Ti and low
nickel content TieNi powder metallurgy alloys are however rarely
reported in the literature. Liu et al. [45], reported a higher hardness
Fig. 8. EBSD Kikuchi patterns of the circled area on Fig. 7c indexed as Ti2Ni phase (a) Kikuchi pattern and (b) pattern indexation presented in (a).
Fig. 9. Inverse pole figure orientation maps of (a) pure-aTi, (b) Tie13Cu, (c) Tie4.5Ni, (d) Tie13Cue4.5Ni with their corresponding (a-Ti) pole figure maps, respectively.
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Fig. 10. Misorientation between neighbouring grains (Point-to-point) profiles of the sintered (a) a-Ti, (b) Tie13Cu, (c) Ti-4.5Ni, and (d) Tie13Cu-4.5Ni alloys, obtained from the IPF
maps along lines A-B (Fig. 9) with their corresponding cumulative misorientation profile relative to the orientation at original point A.
Fig. 11. The green and sintered relative densities of Ti, Tie13Cu, Ti-4.5Ni and Tie13Cu-
4.5Ni sample alloys. (For interpretation of the references to colour in this figure legend,
the reader is referred to the Web version of this article.)
Table 2
Mechanical properties of the sintered Ti-based alloys.
a-Ti alloy YS (MPa) UTS (MPa) Elongation (%)a Vickers hardness
Pure Ti 350± 10 415± 11 10± 2 116± 4
Tie13Cu 540± 20 660± 20 4± 2 195± 6
Ti-4.5Ni 480± 10 620± 10 5± 1 180± 4
Tie13Cu-4.5Ni 230± 20 460± 10 0.3± 0.1 220± 5
a Measured from the difference between final and original lengths of specimens.
C. Machio et al. / Journal of Alloys and Compounds 848 (2020) 15649410and similar or marginally higher YS and UTS than for CP-Ti after
sintering Ti-5wt% Ni at 1300 C. The strengthening mechanisms
due to the Ni did not drastically affect the percent elongation to
failure. Only the UTS of the Tie13Cu-4.5Ni alloy was higher than
that of cp-Ti, and all the tensile mechanical properties were less
than for both the Tie13Cu and Ti-4.5Ni alloys. This was caused by
both themuch higher porosity for the Tie13Cu-4.5Ni alloy, and also
the increased strengthening mechanisms discussed for Tie13Cu
and Ti-4.5Ni, respectively. The percent elongation was the lowest
primarily due to high porosity. In comparison, the YS, UTS and
percent elongation of Tie13Cu-4.5Ni, at 237MPa, 464MPa and
Fig. 12. Characteristic stress-strain behaviour of Ti, Tie13Cu, Ti-4.5Ni and Tie13Cu-
4.5Ni sample alloys.
C. Machio et al. / Journal of Alloys and Compounds 848 (2020) 156494 110.3%, respectively, are considerably less than those reported in the
literature of the cast alloy, i.e. 559MPa, 703MPa and 4.1%, respec-
tively [20].
In order to qualify our sintered products for dental applications,
their mechanical properties must be comparable to other
commercially available dental alloys. Generally, dental alloys are
classified according to their yield strength [61]. Type 3 dental
casting alloys have a YS 240MPa, and annealed Type 4 and
hardened Type 4 dental casting alloys have a YS 300MPa and
450MPa, respectively, while dental basemetal casting alloys have
a YS 500MPa. Based on the YS, the Tie13Cu, Ti-4.5Ni and
Tie13Cu-4.5Ni alloys produced via powder metallurgy are poten-
tially Type 3 dental alloys. Our alloys meet the requirement of a
percent elongation of at least 1.5% for dental base metal casting
alloys [62] except for Tie13Cu-4.5Ni. The Tie13Cu alloy has a
slightly lower UTS and percent elongation (Table 2) when
compared with the metal injection (MIM) moulded TiCu alloyFig. 13. Fractographic SEM - SE images of the tensile alloy specimens indicatingcomprised of 754± 17MPa and 9.5± 1.5% [48]. Furthermore, both
Tie13Cu and Ti-4.5Ni showed comparable properties in compari-
son to metal injection moulded (MIM) Tie12Mo (molybdenum)
alloy for dental application [63]. For other alloys such as titanium-
manganese (TieMn), our alloys are comparable with other prop-
erties not considering the effect of porosity [64].
Fig.13 shows themodes of failure of the tensile test samples. The
fracture surfaces of CP-Ti, Tie13Cu and Ti-4.5Ni in Fig. 13 a-c, are
generally distinguished by dimples which is indicative of a ductile
fracture. It is worth mentioning that the existence of pores (as
pointed by the white arrows) may have influenced the tensile
properties of the alloys since pores are the stress concentration
areas. The fracture surface of the Tie13Cu-4.5Ni alloy in Fig. 13d
shows the combination of cleavage steps and tongue patterns,
indicating a quasi-cleavage brittle fracture. Similar results have
been reported elsewhere [65], for an alloy exhibiting low strength
and high brittleness. Second particles are also seen on the tearing
ridges, which is believed to be stress concentration sites during
loading, which act as crack initiation points [66]. Therefore, the
resultant low tensile ductility in Alloy 4 was due to the high
porosity that predisposed it to easy crack initiation and crack
propagation.4. Conclusion
The effect of Cu, Ni alloying additions on phase transformations,
densification, microstructure and tensile behaviour of the
conventionally pressed and sintered pure Ti was investigated. The
following conclusions were drawn:
 The alloying of Ti with Cu, and Ni to form binary Ti-X alloys leads
to higher sintered densities. The Cu promoted liquid phase
sintering, while the Ni is a known faster diffuser. However, the
ternary alloy TieCueNi sintered poorly, probably because of
excess liquid at the sintering temperature employed in the
study.: (a) Pure Ti, (b) Tie13Cu, (c) Ti-4.5Ni, and (d) Tie13Cu-4.5Ni, respectively.
C. Machio et al. / Journal of Alloys and Compounds 848 (2020) 15649412 The microstructures of the sintered TieCu and TieCueNi are
very similar, consisting of dendritic pro-eutectoid Ti2Cu, and
“pearlitic” eutectoid a-Ti and Ti2Cu. The Ni in the TieCueNi alloy
dissolved in the Ti2Cu to form Ti2(CuNi) precipitates.
 EBSD and orientation image analysis indicated that all the
investigated alloys had a similar texture, and together with the
thermal behaviour, and XRD analysis, showed that alloys T-13Cu
and TieCueNi had some retained beTi, alongside the a-Ti and
precipitated intermetallics. Grain orientation results showed
that the low angle boundary observed in the a-Ti grains of the
alloys was a substantial consequence of microstructural evolu-
tion during sintering at 1200 C, and not necessarily a product of
texture.
 The YS, UTS and hardness of the sintered Tie13Cu and Ti-4.5Ni
alloy were higher than for the sintered Ti, while their %E to
failure was less. However, the mechanical properties of the
sintered alloys allow them to be classified as either Type 3
dental alloys (Ti), or Type 4 dental alloys (Ti-4.5Ni and Tie13Cu),
indicating that powder metallurgy is a viable manufacturing
process for TieCu-based dental alloys.
 The powder metallurgy ternary Tie13Cu-4.5Ni produced in the
current study had inferior properties due to poor sintering that
led to the development of extensive porosities. Further work is
required to determine whether it can also be sintered with
acceptable mechanical properties.Funding
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